ABSTRACT It is shown that there is a structural similarity between the presumed DNA-binding regions of the Escherichia coli catabolite gene activator protein ("CAP") and the cro repressor protein ("cro") from bacteriophage A. The correspondence between the two proteins is particularly striking for a structural unit consisting of two consecutive a-helices. The 24 a-carbon atoms that constitute the two-helical structural units in the two proteins can be superimposed with a root-mean-square disagreement of 1.1 A. It is shown that this agreement is very unlikely to be due to a chance correspondence. For both CAP activator and cro repressor proteins it is the second a-helix of the two-helical unit that has been proposed to bind within the major groove of left-handed or right-handed B DNA, respectively [McKay, D. B. & Steitz, T. 
Recently, the structures of two proteins that recognize specific nucleotide sequences in double-stranded DNA have been determined (1, 2) . One of these proteins, the A phage protein "cro," acts as a repressor; that is, it prevents transcription by RNA polymerase (3) . The other protein, the Escherichia coli catabolite gene activator protein ("CAP"), functions primarily as an activator of transcription by RNA polymerase, although it can in certain systems also function as a repressor (4, 5) . In this paper, we examine the similarities and differences in the structures of these two proteins and the way in which they appear to interact with double-stranded DNA.
Cro repressor is a tetramer in the cry'stal but probably acts as a dimer in solution. Each of the subunits is identical and has a molecular weight of approximately 7,351 (6) . Model building suggests that the repressor binds to its operator DNA in the B form with a twofold symmetry axis ofthe protein coincident with that of the DNA (2) . A pair of twofold-related a-helices of the repressor lie within successive major grooves of the DNA and are proposed to be a major determinant in recognition and binding. The centers of these two helices are 34 A apart and have a tilt relative to the line connecting their centers that is appropriate for interaction with right-handed DNA.
CAP is a dimer of chemically identical 22,500 molecular weight subunits, with each subunit consisting of two distinct structural domains (1) . The larger, amino-terminal, domain is observed to bind cyclic AMP within its interior, whereas the smaller, carboxyl-terminal, domain is presumed to interact with DNA. As in the case of cro repressor, the two DNA-binding domains of CAP each contain a protruding a-helix. Likewise, these two a-helices are 34 A apart, with their helix axes related by a local protein twofold axis. However, the helices have a tilt relative to the line connecting their centers that is opposite to that observed for cro, and it has been proposed that CAP interacts with DNA via these two a-helices interacting in two successive major grooves of left-handed B DNA (1) . The difference in the arrangement of the presumed DNA-binding helices in the respective cro and CAP dimers is shown in Fig. 1 (7) . In these comparisons we first Abbreviation: rms, root mean square.
The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. In order to quantitate the agreement between the two proteins we used the procedure developed by Rossmann and Argos (8, 9) . Starting with an approximate alignment of the helices described-above, the two proteins are rotated and translated to optimize the agreement between them. Where necessary, appropriate "deletions" are made in order to maximize the number of "equivalent" a-carbon atoms in the two structures. The results of this comparison are shown diagrammatically in Fig.  2 . Altogether 31 "equivalent" atoms were found with a rootmean-square (rms) difference of 3.1 A. As indicated in Fig. 2 , and as can also be seen in the superposition ofthe two molecules in Fig. 3 Fig.  4 , approaches the experimental error of the coordinates. It should be noted that the alignment ofa-carbon atoms in cro and CAP for the 24-atom comparison is not exactly the same as for the whole-domain alignment shown in Fig. 2 .
An estimate of the significance of the observed agreement between the two a-helices in CAP and cro was obtained in two ways. First, the empirical structure agreement probability plot of Remington and' Matthews (10) shows that an agreement of 1 Thus, we conclude that identical two-helix supersecondary structures exist in CAP and cro and that this motif does not occur in any other protein in the protein structure data bank. Furthermore, the identity in structure between cro and CAP exists precisely in the region proposed in the two structures to bind specifically to DNA. Specific cro and CAP binding to DNA The structural correspondence between CAP and cro described here gives additional support to the proposed models for the binding of these two proteins to DNA (1, 2) . In particular, we have proposed that it is the F helix of CAP and the a3 helix of cro that bind within the major groove ofdouble-stranded DNA (1, 2) . Further, in both CAP and cro (12) the amino-proximal region of the E (or a2) helix is capable of making specific contacts with the phosphate backbone of DNA. Now, independent of those proposals, we find that cro and CAP have a precise structural correspondence between the a2-a3 and E-F helical units. In each case, the a3 and F helices protrude from the surfaces of the proteins and are separated by 34 A from an (approximately) twofold-related helix in another subunit. This is, at minimum, consistent with the postulate that these helical units have similar functions in the two proteins. This proposal is further strengthened by the evidence from sequence homology that the same two-helical unit very likely occurs in a number of other proteins that also bind double-stranded DNA (see below).
However, it has to be emphasized that the comparisons made here are for isolated subunits of cro and CAP and therefore do not pertain to the question of the binding of right-handed or left-handed DNA as has been proposed for cro (2) and CAP (1). The reasons for favoring a left-handed or right-handed DNA conformation come from the relative arrangement ofthe DNAbinding helix of one subunit relative to the DNA-binding helix in the second subunit in the dimers ofcro and CAP (Fig. 1) , and not from the polypeptide conformation within a single monomer. Thus, individual monomers ofcro and CAP have a common a2-a3 (or E-F) helical conformation, but the relative arrangements of these structural units within the dimers of CAP and cro are very different (Fig. 1) , leading to the different models for DNA binding. The tilt that the two pairs of proposed DNA binding a-helices make with respect to the line connecting their centers differs in a "mirror image" fashion ( Fig. 1) . That is, the hand of the DNA to which these helices are complementary is different in the two cases. The difference in the tilt of the ahelices can be attributed to a difference in the subunit interaction in the proteins. Examination of Fig. 1 shows that the difference in the hand ofthe DNA to which each protein is complementary can be changed (at least in principle) by sliding one subunit relative to the other along the direction of the F or a3 helices, or, alternatively, by rotating one subunit relative to the other by about 600. A general two-helix motif for DNA recognition Sequence comparisons (refs. 12 and 13; unpublished) suggest that the two-helical DNA-binding fold observed in CAP and cro probably occurs in a number of other DNA-binding proteins. On the basis of amino acid sequence comparisons and DNA gene sequence comparisons, it appears that parts of the cI and cHI proteins from bacteriophage A, the repressor protein from the Salmonella phage P22, and 434-cro, the cro-like repressor from phage 434, are all homologous with the helical DNA-binding region of cro (13) . In addition, there is also an apparent amino acid and gene sequence homology between lac repressor of E. coli and the above proteins. In this case it appears that the first 26 or so amino-terminal residues of lac repressor may fold similarly to the a2 and a3 helices ofcro (12) . Furthermore, the recently determined gene sequence ofCAP shows a striking homology to lac repressor on the level of both the DNA and protein sequence in the 24 amino acid region of the two-helical fold described here (unpublished observations).
These data taken together suggest that a similar motif of ahelices will be found in many of the proteins that bind specifically to double-stranded DNA. One common component ofthe specific recognition of the DNA sequence is likely to be provided by the amino acid side chains of an a-helix that protrudes from the surface of the protein and fits into the major groove of B DNA. We would anticipate that the structures of many other proteins that specifically recognize double-stranded DNA sequences would have at least this two-helix motif and further that some DNA or protein sequence similarity would exist.
CAP is different from all the other DNA-binding proteins listed above in that its presumed DNA (1982) protein can align with the local twofold symmetry axis normal to the DNA, thereby doubling the area of interaction between protein and DNA (1, 2) . In the case of the larger proteins cI, P22, and lac repressors, the amino-terminal part of the polypeptide folds to form a DNA-binding "headpiece" whereas the carboxyl part of the molecule forms an essentially separate domain (14) (15) (16) (17) . The addition of this second domain adds another level of sophistication to the function of the protein. It is not unlikely that the first double-stranded DNA-binding proteins to evolve were relatively small and had elements in common with the cro protein we see today. Subsequently, additional domains were added in different instances, as a result ofwhich the basic DNA-binding function could be modified. Thus, the structural fold observed in cro and the DNA-binding domain. of CAP-two helices folded in such a way that one-protrudes from the surface of the protein. and hence could penetrate the major groove of a DNA helix-may be a general motif for sequence-specific recognition of DNA by proteins.
